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Nanobelts are a group of materials that have a rectangle-like cross section with typical widths of
several hundred nanometers, width-to-thickness ratios of 5–10, and lengths of hundreds of
micrometers. In this letter, nanoindentations were made in individual ZnO and SnO2 nanobelts by
a cube corner diamond indenter. It is shown that the effect of indentation size is still obvious for
indentation depths less than 50 nm. It is also demonstrated that nanomachining of nanobelts is
possible using an atomic force microscope tip. © 2003 American Institute of Physics.
@DOI: 10.1063/1.1597754#In recent years, quasione-dimensional ~1D! solid nano-
structures ~nanowires and nanobelts! have stimulated consid-
erable interest for scientific research due to their importance
in mesoscopic physics studies and their potential applica-
tions. Compared to micrometer diameter whiskers and fibers,
these nanostructures are expected to have remarkable optical,
electrical, magnetic, and mechanical properties. Exploration
of novel methods for large-scale synthesis of 1D nanostruc-
tures is a challenging area of research. As n-type semicon-
ductive materials, zinc oxide ~ZnO! has received a consider-
able amount of attention over the last few years because of
its many applications in various fields. ZnO is now widely
used as an transparent conducting oxide material and gas
sensor.1
Recently, Wang and co-workers2–4 have synthesized
belt-like oxides ~so-called nanobelts! by evaporating ZnO or
SnO2 powder at high temperatures without the presence of a
catalyst. The belt-like morphology is distinct from that of
semiconductor nanowires. With well-defined geometry and
perfect crystallinity, semiconducting oxide belts are likely to
be a model material family for understanding mechanical
behavior at the nanoscale in the absence of dislocations and
defects ~excluding point defects!. The dimension of the
nanobelt as a mechanical cantilever potentially can be used
as a mechanical resonator5 or as an electro-optical resonator.6
Since a nanobelt can be used as a nanomechanical device, it
is important to measure its mechanical behavior. In this
study, nanoscale mechanical properties of individual zinc ox-
ide nanobelts were characterized by the Nanoscope IIIa
atomic force microscope ~AFM! and the Hysitron Tribo-
Scope with a homemade side view charge coupled device
~CCD! camera. It showed that the effect of indentation size
was still obvious for indentation depth less than 50 nm. It
also demonstrated that nanomachining of nanobelts is pos-
sible using an AFM tip.
The synthesis of nanobelts was based on thermal evapo-
ration of oxide powders under controlled conditions without
the presence of a catalyst.2–4 The procedures for preparing
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follows:7–8 first immerse wool-like nanobelts in acetone, and
disperse the mixture by an ultrasonic cleaning device. Then
dip the polished silicon wafer into the solution and pull it
out. After drying, a single nanobelt was placed on a silicon
substrate. The nanobelt sample prepared was investigated us-
ing a diamond cube corner tip ~including the 90° angle of a
three sided pyramid! with nominal radius of 40 nm. Indi-
vidual nanobelts were imaged before and after nanoindenta-
tion.
Figure 1~a! is a transmission electron microscopy ~TEM!
picture of ZnO nanobelts showing their geometrical shape.
Some of them are straight and some twisted, displaying
shape characteristics of the belts. The nanobelt was grown
along the @0001# direction and enclosed by $101¯0% facets.2
Section analysis by atomic force microscope in Fig. 1~b!
shows the nanobelt has a rectangular section. The width of
the nanobelt is about 360 nm and the height is about 65 nm.
This gives a width-to-thickness ratio of 5.5. These values are
typical of a single nanobelt. After lying on a silicon sub-
strate, the nanobelt was indented by a cubic indenter under
AFM as shown in Fig. 2. The load is 0–300 mN with a
loading rate of 10 mN/s. Using the method of Oliver and
Pharr,9 the hardness of the ZnO and SnO2 nanobelts on
(21¯1¯0) and (101¯ ), surfaces respectively, was calculated as a
function of indentation penetration. Although no pile-up
effect10 was taken into consideration here, it is a minor prob-
lem for indentation that is very shallow ~less than 50 nmm!
and material that is ceramic. It can be seen from Fig. 3 that
both the ZnO and SnO2 nanobelts show marked ISE for less
than 50 nm indentation, which can be attributed to the effect
of the strain gradient during nanoindentation of metallic or
ceramic materials.11–17 Less penetration of nanoindentation
gives a higher strain gradient in the material under the inden-
tation area based on experimental measurement.18 Flow
stress under the indentation is dependent on not only defor-
mation strain but also on the strain gradient. The strain gra-
dient will increase the flow stress based on strain gradient
theory.11,12,19–21 Therefore, the strain gradient induced by
less penetration will increase the flow stress and conse-
quently the hardness of the nanobelts. The scatter in testing© 2003 American Institute of Physics
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ness on shallow indentation. The typical roughness was less
than 2 nm root mean square ~rms! over 1 mm2.
Comparison of the ZnO nanobelt with a ZnO bulk
~0001! single crystal was carried out by nanoindentation. As
shown in Fig. 4, the ZnO nanobelt is a little softer than the
bulk single crystal. This is likely due to the fact that ~0001! is
the most closely packed plane for hexagonal structured ZnO.
Thus, the hardness along @0001# ~the c axis! may be higher
than that along @21¯1¯0# ~the a axis!, which is the normal
direction of the nanobelt.
A nanoindentation induced fracture test for SnO2 was
also carried out by a cantilever type AFM diamond indenter
with nominal radius of 25 nm. Figure 5~a! shows a crack
FIG. 1. ~a! TEM picture of ZnO nanobelts showing their geometrical shape
~after Ref. 2!. Some of them are straight and some twisted. ~b! AFM section
analysis showing the nanobelt has a rectangular section.Downloaded 13 May 2004 to 130.207.165.29. Redistribution subject tFIG. 3. Hardness of ZnO and SnO2 nanobelts as a function of penetration
during nanoindetation.
FIG. 4. Hardness of a ZnO nanobelt and bulk single crystal ~0001!.
FIG. 2. Indentation of a SnO2 nanobelt by a cubic indenter. The load for
large and small indents is 300 and 200 mN, respectively.o AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
995Appl. Phys. Lett., Vol. 83, No. 5, 4 August 2003 Mao, Zhao, and Wanginduced by nanoindentation, which was initiated from a tri-
angular edge of the indentater. The crack propagates along
@101#, and the cleavage surface is ~010! based on structural
information provided by electron microscopy.2 Figure 5~b!
shows the indentation load versus penetration curve, which
indicates unstable crack propagation when 43 mN indenta-
tion load is applied. This is probably the load at which the
crack is created. After penetration reaches 60 nm ~; the belt
thickness!, the nanoindenter starts, indenting the Si substrate
FIG. 5. Crack nucleation and propagation in a SnO2 nanobelt by nanoin-
dentation under AFM: ~a! crack induced by nanoindenation and ~b! inden-
tation load vs. penetration curve which indicates unstable crack propagation.Downloaded 13 May 2004 to 130.207.165.29. Redistribution subject tand the load starts picking up since the Si substrate is harder
than the SnO2 crystal. The fracture test for SnO2 demon-
strated the possibility of cutting or machining the nanobelt
down to a smaller size under AFM.
In summary, imaging, manipulating, and testing of me-
chanical properties of a single nanobelt of ZnO and SnO2 ,
whose size is in the nano- to micrometer range, were per-
formed under an atomic force microscope. The hardness of
the ZnO nanobelt is less than that of SnO2 and both show
obvious ISE for less than 50 nm indentation. Furthermore,
the hardness along @21¯1¯0# ~a axis! on (011¯0) of the dislo-
cation free ZnO nanobelt is slightly less than that of the
c-axis oriented bulk ~0001! ZnO single crystal.
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